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Executive Summary
This report examines the economic factors affecting cross-border energy trading (CBET) between Nepal and India. Its objective is to identify market factors and institutional issues that are most likely to affect the usefulness of infrastructure investments aimed at maximizing the benefits of CBET. The analysis assesses supply and demand characteristics by examining hourly load data, pricing data, generation capacity, tariffs, and historical CBET flows. It uses Government of Nepal load forecasts, planned capacity additions, and historical trends for construction delays to project plausible trajectories of shortages and surpluses in domestic generation.
A 2017 study for the South Asian Regional Initiative for Energy Integration concluded that Nepal, which generates nearly all of its domestic power from hydroelectric resources, could reap significant economic benefits by expanding CBET with India (SARI/EI and IRADe 2017). Strategic transmission expansion could affect how much of these latent benefits are actually achieved, however. In turn, the effectiveness of different transmission expansion options could depend on domestic economic conditions and how they might change over time.
Figure ES 1 shows the key interconnection points between the two countries' grids. Supply and demand on both sides of the Indo-Nepalese border will affect which points have the greatest potential for maximizing CBET benefits. The aim of this economic analysis is to understand trends in supply, demand, and prices, and to identify which transmission corridors have the best potential for benefiting both countries.
Figure ES 1. Major CBET interconnections between Nepal and India.
Note: The Dhalkebar-Muzzafarpur connection would repower the existing line from 132 kilovolts (kV) to 400 kV, requiring no additional right-of-way.
The economic analysis supports four major conclusions:
• Up to 2018 the primary driver for CBET has been the alleviation of load shedding in Nepal, but the completion of new generation will most likely reduce load shedding and Nepal's need to import power from India for that purpose. Future CBET in both directions will likely depend on the cost of alternative generation sources in each country.
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• Market fundamentals and longer-term trends appear to favor connections to India's Northern Regional Load Dispatch Center (RLDC) region, which tends to be a net importer of electricity. Upgrading the Butwal-Gorakhpur path is consistent with this likely value proposition.
• While connections across the Western Tarai area could further increase mutually beneficial CBET opportunities, doing so could depend on system upgrades within Nepal to increase the capacity to move power west of the Butwal flowgate.
• Maximizing the value of any new transmission intended to enhance CBET value will likely depend on bilateral tariff reform and greater operational coordination between Nepal and India.
The results of this economic analysis help characterize regional grid scenarios for 2022 that are simulated with production cost modeling, which is the focus of the companion paper in this series, "Cross-Border Energy Trade between Nepal and India: Assessment of Trading Opportunities" (McBennett et al. 2019) . These technical simulations provide additional detail on the regional distribution of benefits.
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Introduction
Electricity demand on both sides of the border between Nepal and India is growing rapidly, increasing the urgency of infrastructure planning and development. This report draws on international experience to develop a framework for transmission planning specifically aimed at prioritizing opportunities for increasing cross-border energy trading (CBET) along the IndoNepalese border.
The severe earthquake and aftershocks that devastated the Kathmandu Valley and central Nepal in mid-2015 complicate any time series analysis of electricity demand and production in the country. For this reason, this report focuses generally on the Nepalese calendar year beginning April 13, 2016 (1 Baishakh 2073 as the start of the country's post-earthquake redevelopment period. 1 This time frame allows at least one full reporting year of operational data from the Nepal Electricity Authority (NEA). The preceding year was dominated by extraordinary economic disruption and one-time emergency response, so much as to reduce confidence in including observations for that year in an analysis of future economic trends.
Moreover, Nepal's constitutional and political framework in the post-earthquake period is substantially different from what it was before the disaster. This could affect Indo-Nepalese CBET in two important ways relevant to this report. First, Nepal's infrastructure planning could follow a strategy that is significantly different from pre-2015 planning. A change in strategy could affect investment in new large-scale hydropower projects, as well as national strategies for dealing with domestic issues such as dry-season load shedding and the course of post-earthquake economic growth. Second, in many cases Indo-Nepalese CBET currently adheres to pre-2015 bilateral arrangements that are unconnected to power market economics. One important question that the governments of Nepal and India might consider is whether to replace or amend these pre-2015 agreements with institutions that are more market-oriented. Much of the analysis contained in this report assumes that CBET can adapt to changing market conditions. Efficiently implemented CBET expands the electric system's operational footprint. Numerous studies-as well as experience in several countries-demonstrate the value of greater integration over a larger geography. The benefits include lower cost of scheduling and dispatch, reduced area control error, a greater selection of resources for balancing, greater operational flexibility, and lower cost of renewable energy integration. For example, the introduction of a regional, multi-jurisdiction market for settling energy imbalances has saved utilities in the western United States more than $400 million (Indian rupees 2,850 crore) since it began in 2014. That market includes one large system operator that accounts for about 60% of the group's total demand, and five smaller control areas. Of the $71 million (Indian rupees 458 crore) in benefits seen in the second quarter of 2018, more than 61% accrued to the smaller control areas (CAISO 2018).
CBET is not an exercise separate from all other transmission planning. On both sides of the border, electricity planning addresses larger objectives and requires comprehensive power system planning. CBET might add to the range of options for achieving economically efficient electricity service to all, but it is not a goal by itself. What makes CBET a special category of system planning is the need for collaboration and joint planning across national boundaries. Joint planning ensures that assumptions about CBET and what it can accomplish are consistent. This enhances the quality of each country's own planning and can expand options for achieving domestic goals.
This report begins with an overview of multi-jurisdictional transmission planning in other world power markets. Rather than provide an exhaustive literature review, the aim is to distill best practices to a select number of key principles that can guide joint planning by India and Nepal. Among the most important of these principles is the need to create transparency by involving key stakeholders.
The report then examines the most important market factors that will influence the value of CBET at different points along the border. The report concludes with a summary of the specific questions arising from the economic analysis that production cost modeling can help address. This economic analysis informs the scenarios modeled in the companion study, "Cross-Border Energy Trade between Nepal and India: Assessment of Trading Opportunities" (McBennett et al. 2019 ).
The modeling results, along with the economic analysis in this report, will provide the basis for an examination of regulatory, planning, and operational changes that might improve opportunities for CBET.
Multi-jurisdiction regional transmission operators around the world rely on formal, transparent planning processes to prioritize investments in new transmission infrastructure.
2 These processes are tailored to the needs of each particular market, but many have common aims, such as:
• Minimizing total electric system costs • Meeting all reliability standards
• Supporting government policies in the most economically efficient manner
• Allocating the cost of transmission investments in a way that matches the distribution of benefits.
Systematic planning is even more important when the grid spans multiple jurisdictions, each with its own decision-making authority. A transparent planning process allows all participants to evaluate a wide variety of options, test theoretical benefits against practical limitations, and identify strategies that benefit everyone. In many jurisdictions, planning is done over a moving 5-, 10-or 20-year time horizon, updated every 1 or 2 years. This allows for full consideration of known plant retirements, the online dates of plants currently under construction, and load growth.
In planning transmission for CBET between India and Nepal, this study draws on two tools: scenario development and cost-benefit analysis (CBA). This section provides a basic explanation of both tools. The economic analysis in Section 3 will help define scenarios around which transmission analysis can be framed. The production cost modeling (PCM) described in Section 3.8 and the construction factors modeled in Section 4 will provide CBA inputs.
Scenario Development
Scenario analysis is a planning exercise that anticipates long-term structural changes to the economy at large. It is particularly useful for countries anticipating major economic transitions. Scenarios could include significantly greater use of electric vehicles, changes in energy imports or exports, and shifts in personal consumption patterns, as well as adoption of policies aimed at 2 For example, the U.S.-based Midcontinent Independent System Operator uses the following principles in its multiyear transmission expansion planning:
• Make the benefits of an economically efficient electricity market available to customers by identifying transmission projects that provide access to electricity at the lowest total electric system cost.
• Develop a transmission plan that meets all applicable [government and] transmission owner planning criteria and safeguards local and regional reliability through identification of transmission projects to meet those needs.
• Support state and federal energy policy requirements by planning for access to a changing resource mix.
• Provide an appropriate cost allocation mechanism that ensures that costs of transmission projects are allocated in a manner roughly commensurate with the projected benefits of those projects.
• Analyze system scenarios and make the results available to state and federal energy policy makers and other stakeholders to provide context and to inform choices.
• Coordinate planning processes with neighbors and work to eliminate barriers to reliable and efficient operations.
increasing CBET. Potential scenarios that could be particularly relevant to cross-border transmission projects for India and Nepal might include:
• Institutional reform. Replacing administrative rules with markets can affect the size of economic benefits as well as how those benefits are distributed. Reform scenarios can range from modest changes such as bilateral spot markets to major changes such as the creation of an independent system operator and security-constrained economic dispatch.
• Rural electrification. The pace and geographic characteristics of grid-connected rural electrification can affect both the quantity of electricity needed and the points of congestion on the transmission system.
• Industrialization and accelerated economic growth. Economic development that accelerates industrial and commercial electricity consumption can affect the system's ability to use demand response as a tool for maintaining reliability and reducing peak load. This is especially important if either country has renewable energy goals.
• Plant retirements and additions. Replacing old thermal plants can change the total cost of generation and-depending on the size of the plants-congestion on the transmission system.
The number of potential scenarios that could be modeled is large. Therefore, the goal of Section 3 is to narrow the list of useful scenarios to focus on factors that could have a large economic impact across the region based on conditions that can be observed and measured using data that are currently available for this project. Future analyses can examine scenarios that are not tested here.
Sensitivity analyses test the robustness of conclusions to changes in external variables such as fuel prices and load growth. Sensitivities that span a range of plausible future conditions enable identification of "no regrets" solutions: investments that provide additional value to society regardless of how key factors might change.
Cost-Benefit Analysis
Transmission planners typically use CBA to compare the net economic effect of build-out proposals. CBA compares the cost of a new transmission project with its predicted economic benefits, summarized as a cost-benefit ratio:
cost-benefit ratio = ∑ benefits i i transmission project costs where i is a specific type of economic change attributable to the new line, such as lower systemwide variable cost of generation, increase or decrease in the amount of operating reserves needed, or a change in the expected amount of unserved energy. The components may be estimated over the economic life of the investment on a net present value basis or may be levelized to annual values.
The denominator includes only the direct cost of building the transmission project. Any other non-project cost is included in the numerator as a "benefit" with a negative value. For example, a new transmission line to a wind power development zone could reduce total production costs (a positive benefit) but might also increase the amount and cost of operating reserves needed to ensure reliability (a negative benefit). The numerator would account for both; the cost-benefit ratio would compare the aggregation of all benefits-positive and negative-against the project's direct cost.
A cost-benefit ratio greater than 1.0 indicates that the estimated benefits of a transmission project are greater than its cost. Regulatory authorities may set decision benchmarks to guide transmission planning. In the United States, for example, some authorities give greater weight to a proposed transmission project if the cost-benefit ratio is larger than 1.25 (FERC 2011).
Market Factors Affecting CBET Transmission Use
Future market conditions will ultimately govern whether any new transmission line is used and useful. This section describes market conditions observed through NEA operational data, factors likely to affect forward trends, and how these trends might affect the prioritization of CBET transmission expansion options.
The Indo-Nepalese border touches four distinct power markets. As the map in Figure 1 illustrates, these four areas align somewhat geographically into two potential CBET areas:
• The Western Tarai, comprising power flows between western Nepal and India's Northern Regional Load Dispatch Center (RLDC) region
• The Eastern Tarai, comprising power flows between the rest of Nepal and India's Eastern RLDC region.
Internal east-west flows are limited on both sides of the border. This suggests that each northsouth CBET path could have its own economic dynamics, making it reasonable to treat them separately. Differences include energy pricing patterns, seasonal demand, and the value of economically driven trades in both directions. These in turn could affect the value of new transmission across each CBET area.
Butwal is a pivotal point on Nepal's power grid. A 132-kV substation constitutes the sole flowgate to the country's western system. What makes Butwal especially strategic for CBET is its ability to connect to Uttar Pradesh and India's Northern RLDC region via Gorakhpur. Both countries have identified a future 400-kV line between Butwal and Gorakhpur as a bilateral priority (GoI/GoN 2017). 
Supply and Demand
NEA had 526 megawatts (MW) of generating capacity in 2017, 90% of which was hydropower (NEA 2017a). Less than 1% of NEA's capacity is located west of Butwal. 4 Independent power producers (IPPs) had about 441 MW of capacity, with only 32 MW operating west of Butwal. Developers currently have nearly 2 gigawatts (GW) of new capacity financed and under construction, with 5% of that total west of Butwal (NEA 2017c).
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The geographic division in India is defined by grid operations. India's national power grid includes two dispatch center regions that are adjacent to Nepal. Uttar Pradesh, bordering western Nepal, is the state with the largest load in the Northern RLDC region. The Eastern RLDC region borders Nepal through the state of Bihar. Table 2 contrasts supply and demand for the two RLDC regions. The Northern region has twice as much generating capacity but more than two and a half times the energy demand. Net exports from the Eastern region to the Northern region were equivalent to 15% of the total energy met in the Eastern region for the year ending March 2017. These patterns indicate that India is not a homogeneous market with respect to future CBET. Based on 2017 conditions, India's Northern regional network connecting to the Western Tarai appears to have a relatively stronger appetite for imports that is fairly consistent throughout the year. The Eastern regional network connecting to the Eastern Tarai has been an exporter historically, but this could change as India adds more renewable resources in Rajasthan and elsewhere. 
Demand Patterns
Daily and seasonal load patterns can affect the direction, quantity, and value of cross-border exchanges. Patterns may be complementary (higher demand on one side of the border coinciding with surplus supply on the other side), or they may be parallel and result in more intense competition for scarce resources at particular times. Figure 3 and Figure 4 suggest load patterns on the Nepali and Indian sides of the Eastern Tarai CBET area are somewhat similar. Daily peak demand tends to occur shortly after sunset, both in Bihar and Nepal. The coincidence of peak demand could result in competition for cross-border supplies that would tend to be strongest in the early evening. If this pushes wholesale market prices higher, the direction and volume of CBET would depend on the cost of each side's domestic supply alternatives that are on the economic margin in the early evening hours. For example, if greater competition causes on-peak power prices across the Eastern Tarai to increase to $50/megawatt hour (MWh), the economic benefit of cross-border exchanges to India would depend on whether adding more of India's own domestic resources would cost it more than $50/MWh. Peak-hour trends in Uttar Pradesh are more distributed, which tends to make the state's demand for imports more consistent throughout the day. On the other side of the Western Tarai, demand in Nepal is about 0.1% of demand in the Northern RLDC region and too small to provide any significant economic counterbalance. This suggests that the economic success of new large-scale generation in western Nepal might follow market conditions in India more than those in Nepal.
Prices
NEA pays domestic power producers more for energy delivered during the dry season than for energy delivered during the rainy season, with an additional premium based on energy delivered during peak load hours (NEA 2017d).
RoR generators generally receive $81.75 per MWh for energy delivered during the dry season and $46.72 for energy delivered during the rest of the year. Peaking RoR generators can receive as much as $102.68 per MWh if they deliver at their rated capacity four to six hours during the peak period of the day. Table 3 shows the tariff schedule for NEA payments to merchant generators.
The domestic payment rates influence CBET because they set the economic benchmark for future power exports to India. For example, if market prices in Bihar during the dry season are less than $46.72, IPPs will export little or no energy from Nepal if they can sell to NEA. Most of the energy currently imported into Nepal across the Eastern Tarai is under a power purchase agreement (PPA) with NTPC Vidyut Vyapar Nigam, which manages cross-border activity for India's government-owned NTPC Ltd. 6 The PPA rate is about $56/MWh (NEA 2017a). Energy imported into Nepal across the Tanakpur-Mahendranagar line is under a PPA with PTC India Ltd. at a rate of about $53/MWh (NEA 2017a).
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. Within India, prices for energy traded on the Indian Energy Exchange (IEX) vary based on supply and demand by location. For example, day-ahead prices in Bihar averaged $36/MWh for the 12 months ending April 12, 2017, about 36% lower than the PPA price governing most exchanges across the Eastern Tarai.
7 Figure 5 tracks the volume of power traded across the CBET area (left axis) against average monthly price on the IEX for Bihar (right axis).
By comparison, IEX prices for Uttar Pradesh averaged $40/MWh for the year ending April 12, 2017. Figure 6 shows that the highest market prices generally occurred in January, with mid-day prices (9 a.m.-5 p.m.) averaging at or above $50/MWh for December through February. Thus, the official PPA rate currently governing exchanges across the Western Tarai CBET region was 7 IEX places Odisha in a pricing zone separate from the rest of the Eastern RLDC region. Data reported here are for the northern part of the region, excluding Odisha. $/MWh GWh sometimes near or below market prices, unlike the rate for exchanges across the Eastern Tarai CBET region, which was almost always above market prices. Wholesale market energy prices can run higher in Uttar Pradesh than in Bihar. This is economically consistent with the fact that the Northern RLDC region was a net importer and the Eastern RLDC region a net exporter during this time. Figure 7 shows the one-year price duration curves for the two states. (Note that matching x-axis points on the two curves do not correspond to the same hour.) Figure 8 shows the difference in prices between Uttar Pradesh and Bihar for the same market hours, arranged as a duration curve. Day-ahead prices were the same 64% of the time. About 30% of the time, prices in Uttar Pradesh were higher by as much as $25/MWh (IEX 2017). Hourly price differences tended to be distributed throughout the operating day. 
Existing Energy Trading
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Impact of Load Shedding on the Value of Imports
Load shedding in Nepal is currently a major factor affecting CBET in the post-earthquake electricity market. Power imported from India is key to NEA's strategy for reducing the impact of load shedding, particularly during the post-monsoon months and the dry season. The country's total domestic generation from Magh to Jestha (mid-January to mid-June) was one-half to twothirds of its maximum generation during the monsoon and post-monsoon season. This coincided with maximum imports from India.
Two uncertainties complicate an analysis of load shedding. First is the difficulty of calculating how many megawatts of customer demand are actually lost when a specific substation or feeder line is taken out of service. Equipment power ratings might be known, but actual usage that is foregone might not be. The second problem is that NEA does not have an estimate of Nepal's value of lost load (VOLL), so even if the quantity of lost load were known, its value still would not be. NEA also does not offer an interruptible tariff from which VOLL may be inferred.
Estimating VOLL is challenging even for the world's most advanced power markets. Systemwide VOLL estimates in U.S. markets range from around $10,000/MWh to $14,000/MWh (London Economics 2013). Where VOLL is estimated separately for customer classes, it can reach $30,000/MWh or more for commercial and industrial customers. In some markets, VOLL is inferred from existing tariff rates.
While there is no convention for adapting VOLL from one country to another, adjusting existing estimates using gross domestic product (GDP) per capita can provide a crude and general approximation of how VOLL estimates in the United States might economically compare in Nepal (for GDP per capita, see World Bank 2017). Using this adjustment, the equivalent values in Nepal are about three times higher than the cost of importing power from India for the purpose of reducing load shedding. When considering commercial and industrial load only, the adjusted VOLL is around 10 times higher.
Therefore, a major question affecting the value of options for future CBET is when load shedding will cease. The economic drivers could change significantly at that point, altering the balances of supply and demand that affect which cross-border transmission paths are most likely to have the greatest long-term value. The data show that load shedding was frequent in Poush (mid-December to mid-January) and began to abate in Jestha (mid-May through mid-June) with the beginning of the monsoon season and a corresponding increase in domestic hydro generation. Domestic generation for the seven months ending in Kartik 2074 (mid-April through midNovember 2017) was 30% higher than for the same period a year earlier. 8 Imported power was 18% higher.
The month with the most frequent recorded load shedding during the period examined was Magh (mid-January to mid-February). In the absence of data on total customer demand and actual lost load, this analysis uses Magh as a test for critical load shedding trends in Nepal. In the average daily profile for that month, the peak volume of load served typically occurred during the hour ending at 7 p.m., which we use here for testing supply and demand trends affecting future load shedding. Average load served for this test hour was 833 MW (NEA 2017b). Table 6 and Figure 10 show the domestic generation resources that were typically available during the test hour. Imports from India used to supplement domestic generation at this time averaged 340 MW, or about 41% of average energy delivered to load. The higher availability of NEA hydro-66%-reflects NEA's operating strategy of reducing early morning and midday operation levels at its own peaking RoR hydro resources and increasing its generation during the mid-morning and evening hours.
8 NEA reports operations data by Nepalese months. We retain that time aggregation here. NEA's projected amount of new capacity from 2018 to 2020 indicates a potential for greater resource availability-and, therefore, reduced load shedding-during the dry season. The largest NEA project currently under construction is the 456-MW Upper Tamakoshi hydroelectric project, which is scheduled to be online in early 2019 (NEA 2017a). Upper Tamakoshi, along with new hydro capacity from IPPs, could double Nepal's domestic generating capacity available during the dry season by 2019. These numbers suggest that for the test hour, resource availability could increase at an annual rate of 19% to 26% from 2018 to 2020.
NEA uses load growth projections by Nepal's Water and Electricity Commission Secretariat, which models economic growth and national energy consumption under various assumptions. Its reference scenario assumes annual economic growth of 7.2% and shows electricity demand growing 15.1% annually from 2015 to 2020 and 12.2% annually from 2020 to 2025. The commission also modeled demand with 9.2% economic growth accompanied by targeted policy interventions by the government. This scenario results in 31.7% annual demand growth from 2015 to 2020 (boosted by assumed policy interventions), leveling off to 9.7% annual demand growth from 2020 to 2025.
Figure 10 applies these two growth trajectories to total load served (domestic generation plus imports) for the test hour. In this figure, the gap between the line representing load served and the domestic supply stack approximates the projected use of imports for the test hour. A smaller gap implies less need for load shedding, holding imported power constant.
The gap shrinks considerably in 2019, largely due to the projected completion of Upper Tamakoshi (NEA 2017a). The chart suggests that in 2019, Nepal's domestic generation could meet nearly all of the demand that was served in 2017, depending on overall economic growth. (For reasons previously discussed in this section, the point at which load shedding could end completely is difficult to predict due to the lack of data on actual lost load for 2017.)
One important variable will be the actual pace of capacity additions from IPPs. Delays and cancellations can happen even if the project has secured financing and is under construction. For example, of all IPP capacity with an expected commercial operation date of 2016, only 38% was actually online in 2017 (NEA 2017b and 2017c) . Therefore, to account for possible project delays and attrition, Table 6 and Figure 10 show new IPP capacity as a range. The high value is the nameplate capacity of all generators expected to be online, while the low value discounts new generation for each year by 38%.
The consequence for CBET between India and Nepal is that load shedding is not likely to be a major driver for trades from India to Nepal in the near future and could cease to be so well within the time it would take to build a new transmission line between the two countries. The economic benchmark for the value of imports will no longer be Nepal's VOLL, which, while unspecified, is effectively higher than the tariff prices governing flows from India to Nepal. The value of future CBET-and, therefore, of new transmission supporting it-will most likely be determined by ordinary market factors.
Eastern Tarai CBET
Existing connections across the Eastern Tarai CBET area include three 132-kV lines and four 33-kV lines. Net power trades from India to Nepal over these paths amounted to 1,869 GWh for the 12 months ending in March 2017, an increase of 46% from the previous year (POSOCO 2017a).
Plans for new generation capacity east of the Butwal flowgate appear to be outpacing the anticipated growth in electricity demand in Nepal. IPPs are expected to add between 400 MW and 1,000 MW of new generation between 2017 and 2020, along with the 544 MW NEA plans to add itself. This would increase the eastern grid's total capacity by an average of 36% to 59% per year, depending on project delays.
Bihar, the state bordering most of the Eastern Tarai, historically has been a net importer of power from other parts of the Eastern RLDC region. Bihar was 19% of the region's average load for the year ending March 2017 but provided only 6% of regional generation (POSOCO 2017a). About 92% of the Eastern RLDC region's generation for the year ending March 2017 came from coal, with nearly all of the remainder coming from hydro.
Growth in the region's generation capacity has been keeping pace with demand, with about 60% of the additions in 2016 coming from new thermal generators and the rest from new hydro. As of July 2017, the region also had about 1,000 MW of renewables, nearly half of which was bagasse processing in West Bengal.
The Eastern RLDC currently has surplus supply for most of the year, enabling it to export upwards of 20 TWh to the Northern RLDC. The eastern region's highest peak demand was 19.6 GW in March 2017. Its total effective generating capacity was 30.9 GW, giving it a large effective reserve margin of nearly 58% (POSOCO 2017a, CEA 2016a, CEA 2016b). ~1,000-MW ramp over < 3 hours
As demand throughout the Eastern RLDC region increases, the ramping burden during these months could require operational flexibility that the region's coal units might not be capable of providing as cost-effectively as imports might. This could provide a high-value opportunity for power exports from Nepal to the Eastern RLDC region as more of Nepal's hydropower comes online.
One factor that could increase the flow of power from Nepal across the Eastern Tarai is potential demand in Bangladesh. Both countries have been investigating hydro development in Nepal for use in Bangladesh (The Independent 2017). However, India's guidelines for CBET might prevent a direct exchange between Nepal and Bangladesh. Transfers and prices that are determined administratively through Indian intermediaries could both increase transaction costs and result in less efficient power dispatch.
Major Bilateral Project: Arun 3 (Estimated online date: 2023)
SJVN Ltd., a power producer owned by the Government of India and the State Government of Himachal Pradesh, is developing the 900-MW Arun 3 hydroelectric project in eastern Nepal. The Indian government approved the project in early 2017, and work has begun on land acquisition, transmission, roads, and other infrastructure for construction. (Subedi 2017) .
Under the memorandum of understanding between the Government of Nepal and SJVN, Nepal would receive an estimated 800 GWh of power from the project annually, which is slightly more than NEA's annual sales in its Biratnagar region. The balance would flow into Bihar via a dedicated 400-kV transmission line from Dhalkebar on the border to Muzzafarpur. Another dedicated 400-kV line would carry power from Arun 3 to Dhalkebar (IBN 2017).
Western Tarai CBET
Net flows across the Western Tarai CBET-nearly all of it on the Tanakpur-Mahendranagar connection-amounted to 190 GWh for the 12 months ending April 2017, much less than the volume traded across the Eastern Tarai CBET (POSOCO 2017b). Imports into Nepal slowed significantly during the post-monsoon months of October and November, with the volume dropping to less than one-third the pace of the rest of the year.
Nepal's western grid was a net importer of energy throughout the 2016-2017 year. The region had about 34 MW of generating capacity, most of it owned by IPPs. The three largest hydro stations-which account for more than three-fourths of the Western region's grid capacity-generated about 127 GWh of energy for the year ending April 12, 2017, 27% as much electricity as NEA sold through its two western offices (NEA 2017a and .
NEA plans to add 30 MW in the Western region, and new IPP capacity could amount to another 37 MW to 97 MW by 2020. If these additions operate comparably to the region's existing capacity, they could shift the western NEA grid from being a net importer of electricity to a position in which internal generation is about the same as consumption.
Uttar Pradesh is the Northern RLDC region's largest load center with 31% of total regional demand. Coal is the Northern RLDC's largest generation source, although with a 65% share of the mix it is not as dominant as is the case for the Eastern RLDC. Hydro provided 26% of the Northern region's power (compared to less than 8% in the Eastern RLDC region), with the remainder divided among nuclear, natural gas, and a growing share of wind and solar (POSOCO 2017b).
Rapid development of wind and solar power is another contrast between the Northern RLDC and the Eastern RLDC regions. Most of the Northern RLDC region's activity has been in Rajasthan, which as of April 2017 had 1.8 GW of solar capacity and 3.9 GW of wind capacity. Uttar Pradesh and Uttarakhand had another 314 MW of solar photovoltaic (PV). Higher penetrations of wind and solar PV will increase the Northern RLDC's need for flexible resources, which could increase the value of power from flexible hydro resources in Nepal across the Western Tarai CBET area.
Major Bilateral Project: Upper Karnali (No estimated online date)
GMR, a private infrastructure developer headquartered in New Delhi, is negotiating a finance package for the 900-MW Upper Karnali hydroelectric project, located in western Nepal. As of this writing, the firm had requested additional time to close on project financing (Subedi 2017) .
Nepal would get more than 400 GWh per year under the terms of GMR's agreement with the Government of Nepal, which is slightly less than the 482 GWh that NEA sold west of Butwal in its Attariya and Nepalganj regions in 2016-2017. This, combined with other capacity additions that are expected to be online by 2020, could put the region in a position of being a net exporter, excluding the power that GMR would export into the Northern RLDC region (IBN 2017). ~2,500-MW ramp over < 3 hours Figure 12 shows that demand in Uttar Pradesh during March tends to increase by nearly 2,500 MW in less than three hours around sunset. Evening ramping can also be significant during other months (POSOCO 2016) . Thus, while the Northern RLDC region has more flexible hydro capacity than the Eastern region has, the need for such flexibility-as reflected in seasonal ramping requirements-is much larger in Uttar Pradesh than in Bihar.
Discussion
The detailed analysis of this section supports the following conclusions:
1. Load shedding in Nepal will most likely cease to be a driver for CBET between India and Nepal within the time it would take to build a new transmission line.
A. In the first post-earthquake calendar year, the dominant driver for CBET was load shedding in Nepal. While the true VOLL remains undetermined, Nepal's policy of relying on imports to relieve load shedding implies that the value per MWh was higher than the tariff prices governing CBET. This is consistent with practices elsewhere in the world, including markets where the value of lost load has been calculated.
B. Once Nepal has sufficient internal resources to minimize load shedding, the implicit VOLL will no longer be the primary factor behind the value of CBET economics. The tariff rate that currently governs most CBET across the Eastern Tarai could then begin to suppress further bulk trades of energy from Bihar to Nepal.
2. Market fundamentals and longer-term trends for Indo-Nepalese CBET appear to favor connections to India's Northern RLDC region, which tends to be a net importer of electricity. Upgrading the Butwal-Gorakhpur path is consistent with the likely value propositions.
A. Butwal to Gorakhpur appears to be the highest-value path for new CBET transmission in the near future. This path provides access to India's Northern RLDC region and has already been identified as a priority for transmission development (GoI/GoN 2017 , MCC 2017 . Wholesale prices in Uttar Pradesh are generally higher than in Bihar, and the Northern RLDC area is rapidly increasing its use of large-scale wind power and PV. Greater use of variable renewable resources tends to increase the need for grid flexibility, which reservoir storage and peaking RoR hydro can provide.
B. In contrast, in the Eastern RLDC region, low market prices in Bihar could limit bulk trades of hydropower from Nepal to Bihar. The rate currently paid by NEA to IPPs for peaking RoR hydro-around $47/MWh in the wet season from June to November, and up to $103/MWh during the dry season-is consistently higher than market prices in Bihar, except in the early evening hours from mid-August to mid-September (NEA 2017a). However, production cost modeling could provide additional insights about the effect CBET across the Eastern Tarai might have on the redistribution of power flows in the Eastern RLDC region. This could reveal hidden CBET potential value.
3. While connections across the Western Tarai area could further increase mutually beneficial CBET opportunities, doing so could depend on system upgrades within Nepal to increase the capacity to move between Butwal and Nepalganj.
A. The Western Tarai CBET could offer significant economic potential for mutually beneficial power exchanges. However, Nepal's ability to take full advantage of CBET opportunities across the Western Tarai might depend on internal transmission development in conjunction with new cross-border transmission. The existing transmission flowgate at Butwal could limit the ability of generators in eastern Nepal to sell into India's higher-priced Northern RLDC region via Nepalganj and Attariya. One question for PCM is whether the Butwal-toNepalganj path would be congested under future load growth scenarios. Specifically, would the proposed 400-kV interconnection from Butwal to Gorakhpur be sufficient for economic deliveries from eastern Nepal into Uttar Pradesh, or would congestion on the path from Butwal to Nepalganj indicate the benefit of expanding that internal path? (This will be tested more rigorously in the production cost modeling phase of this project.)
4. Maximizing the value of any new transmission intended to enhance CBET could depend on bilateral tariff reform and greater operational coordination between Nepal and India.
A. India's growing need for system flexibility could create new CBET value on both sides of the border. This, however, will most likely depend on efficient real-time price formation, which in turn could depend on greater integration of grid operations and markets. Unlike bulk power sales, deployment of flexibility resources is an hourly-even subhourly-optimization task. If peaking RoR and storage hydroelectric projects in Nepal are to be an additional source of flexibility for renewable energy development in India's Northern RLDC region, CBET interties along the Western Tarai will need an operational status equivalent to other parts of the Indian grid. 
Variations in Construction Costs
Terrain characteristics can affect the cost of building new transmission, which in turn can affect the balance between costs and benefits among transmission expansion options. This section reports the results of a geographic information systems (GIS) analysis of likely CBET interconnection points along the Indo-Nepalese border and how they might vary with respect to the cost of construction. The analysis focuses on the physical attributes of the surrounding area, and not on legal or economic issues such as right-of-way or local land values.
The map in Figure 13 shows the eight major interconnection points that currently exist on the border. It was assumed for the GIS analysis that the most likely form of CBET-related transmission expansion would be to upgrade these existing interconnections to 400 kV, as these points already have connecting substations identified on the Indian and Nepalese grids. One point-Dhalkebar to Muzzafarpur-was excluded from the analysis because the necessary infrastructure for 400-kV service is already in place. 
Terrain Assessment
The U.S. Bureau of Land Management has a terrain classification system that it uses for permitting infrastructure development on land owned by the U.S. government. Each is a physical characteristic and is therefore comparable from one country to another. The categories are also identifiable by way of satellite imagery.
These different terrain types pose different challenges with respect to siting and building new transmission. In 2012, utilities and stakeholders in the western United States assigned cost multipliers to each category as part of a regional transmission planning exercise (Black & Veatch 2012) . Like Nepal, the western United States includes mountains, forests, hills, waterways, farmland, and urban areas. Table 7 shows the terrain categories and the multipliers associated with each terrain type. This analysis assumes that while the basic cost of building new transmission might differ between the United States and South Asia, stretches across forested areas and mountains will always be more difficult and more expensive than the basic cost of putting a line across flat farmland. The analysis makes the assumption that the degree of additional difficulty in the South Asian and U.S. contexts is comparable. Figure 14 shows the types of terrain within a 40-kilometer radius of each CBET point. Irrigated farmland dominates all areas, although in Nepal some areas have forests and rolling hills close to the border.
Methodology and Results
Figure 14. Geospatial analysis of areas around CBET points
The last step of the analysis was to score each CBET point based on its weighted geospatial attributes as follows:
where i is a terrain type, sharei is the percentage of land within a 40-km radius of the CBET point characterized by that terrain type, and multiplieri is the multiplier associated with the terrain type. A higher score indicates a higher proportion of difficult terrain in the vicinity of the CBET point. While it might be possible to find a low-cost transmission route in any of the areas, a higher score means relatively fewer options for doing so. Table 8 shows results of the GIS screening and scoring. The scores suggest the largest number of options for minimizing the cost of building new transmission for CBET are likely to be found at the far eastern end of the Eastern Tarai (Biratnagar/Duhabi-Purnea and Duhabi-Kataiya Powerhouse) and at the far western end of the Western Tarai (Attariya/Beldandi-Bareilly). All CBET points are surrounded by irrigated farmland, making the multiplier for that type of land the effective baseline for all scores. Kohalpur and Ramnagar are also close to forested hills, which could add to the cost of extending transmission from the border to Nepal's interior.
Production Cost Modeling
Production cost modeling (PCM) provides a more detailed look into electricity supply and demand. For issues involving cross-border trading in South Asia, CBET can provide technical insights that a general economic analysis cannot. For example, hourly (and even subhourly) changes in supply and demand can cause prices to change throughout the course of a day. This affects the long-term value of flows across a particular transmission path.
One important question that PCM can test is the economic benefit of greater regional coordination. A typical simulation of the whole grid assumes that the flow of power across a political border is not constrained by institutional rules. Combining this basic scenario with a companion scenario that accounts for cross-border institutional factors can quantify the additional benefits of reforming CBET rules.
The most important limitation of PCM is that it does not account for generator fixed costs, which are outside the scope of PCM. PCM's objective is to operate a given set of units most efficiently, and it therefore considers only variable costs, not fixed.
PCM does not anticipate new investment decisions even if a new generator would significantly reduce the total variable cost of generation. It can, however, serve as a tool for evaluating a potential investment. By contrasting locational marginal price (LMP) in scenarios with and without the potential new investment, a developer or lender can test the likelihood that energy prices would be high enough to provide a return on investment if the new plant were built.
Fundamentals
PCM simulates how generators would be dispatched over a defined period of time if the sole objective were to minimize variable operating costs. This solution represents an economically ideal dispatch-what the system would tend to do absent any unpredictable shock or out-ofmarket intervention by authorities. Hours (or smaller time increments) are optimized sequentially, with the outcome of each time increment providing the initial conditions for optimizing the next time increment.
A simulation neither adds nor retires any generator, although it can leave an existing unit idle if using it would increase the cost of generation. Similarly, PCM accounts for transmission limits but does not add or expand transmission if a path is congested. It models all infrastructure as it is assumed to exist under the scenario being tested.
A PCM simulation relies on the operational specifications of all generators and transmission lines. These include:
• Each generator's cost of being turned on
• Minimum and maximum production limits (in megawatts) specific to each generator
• Maximum ramp rates (in megawatts per minute) specific to each generator
• Heat rates (in British thermal units of fuel per kilowatt-hour produced) specific to each generator
• Limits on the amount of power that can flow safely across each transmission line.
The simulation also requires a number of assumptions, such as:
• Fuel prices
• Hourly demand for energy at specific points on the grid
• The amount of capacity to be held back as operating reserves
• Hourly generation profiles for wind and solar resources.
With all of these parameters, PCM identifies the generators capable of meeting demand for each hour (or each subhourly time increment) at the lowest total cost. It starts idle units for the next hour if the ones already committed do not have enough economical capacity left on them to meet the increase in load, or if transmission congestion limits the ability to ramp up the use of more economical resources.
An important output from PCM simulation is LMP. An LMP is the additional cost to the system if demand at a given point increases by 1 MW. If there is transmission congestion, the same operating time can have different LMPs at different points on the grid. Prices on the load side of a transmission constraint will tend to be higher than LMPs elsewhere on the system. This reflects the cost of shifting dispatch from low-cost units to higher-cost units on the load side of the constraint to avoid exceeding a transmission line's safe operating limit.
Day-ahead and real-time energy markets operated by regional transmission organizations in the United States rely on software similar to PCM to conduct security-constrained economic dispatch. There are two important differences between market dispatch software and PCM:
• Market dispatch software allows generators to submit strategically crafted offer curves (monotonically increasing price-to-quantity points for a single unit, with the ability to change the curves), whereas PCM usually relies on static assumptions about a unit's marginal cost, which is a function of the unit's heat rate and the price of fuel.
• Market dispatch software optimizes over a shorter time period (24 hours for day-ahead market operations), whereas PCM can optimize an entire year or longer.
In regional transmission organizations, load-serving entities pay the LMPs affecting their service areas, and generators receive payments based on the LMPs at the nodes where they connect.
Questions To Be Addressed with PCM
Prioritizing new CBET transmission will likely depend on how the addition of new generation in Nepal will affect optimal power flows on the grid regionally. The end of load shedding in Nepal will likely reverse the direction of some economic drivers for CBET. The full effect of this change on transmission investment, however, could depend on several other factors.
The second paper in this series (McBennett et al. 2019 ) uses PCM to test the key questions resulting from the economic analysis in this report. The scenarios examine different levels of new IPP capacity additions, the effect of cross-border operational coordination on potential CBET benefits, the potential impacts of greater CBET between India and Nepal on India's
